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Osmotic diuresis before Homer W. Smith: A winding path to renal
physiology. It was towards the end of the 18th century that a curiosity
arose about what controlled the flow of urine. It was noted that though
a patient's kidneys might be destroyed, the flow of urine continued until
death. This puzzling phenomenon might have been understood had
Sdgalas's and WOhler's observations been properly appreciated, that an
extra load of urea, or any other substance that is excreted by the
kidney, causes a diuresis. Nevertheless, these experiments were for-
gotten, and because of Bowman's and Ludwig's studies fluctuations in
urine flow were ascribed to changes in blood pressure. It was not until
1870 to 1880 that Ustimowitsch, Falck and Richet stressed the role of
urinary solutes on urine flow. Around 1900, Cushny also studied the
diuretic effect of different solutes excreted in the urine and actually
described what is now called an osmotic diuresis, though he did not use
the term. These studies enabled him to deliver his "modem view" of
the Secretion of the Urine. This was the first coherent concept which
attempted to explain the formation of the urine and the regulation of its
composition according to a pressure of a selective tubular reabsorption
controlled by the needs of the "Milieu Intrieur." When glomerular and
tubular functions became quantifiable, Homer W. Smith's disciples
were able to define the exact nature of an osmotic diuresis and that
explained the paradox of polyuria and renal failure.
Oh Ia bienfaisante lecture que celle des inveneurs de genie!
Louis Pasteur
From 1938 to 1955, thanks to Homer W. Smith's methods and
many studies, most of which were carried out in his laboratory,
the concept of osmotic diuresis was fully explored. Two types
of osmotic diuresis are known. Solute excretion per unit of time
is increased in one and normal in the second. In both the urine
tends to be isosmotic to plasma and the water excretion
obligatory (that is, ADH resistant), and there is an increased
plasma concentration of solute being excreted by the kidney.
The first is due to an extra solute load to an i.v. injection of a
solute which is eliminated by the kidney, or to a tremendous
excess of protein input which increases the urea production or
to a hyperglycemia as in diabetes. The second is that of
clinically or experimentally produced renal failure, for example,
subtotal nephrectomy. The high blood urea level creates an
osmotic load which retains water in the proximal tubule. Other
factors play a role, including an increase of the filtration rate in
the remaining nephrons.
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In the 18th century, the physicians who noted that bilateral
renal atrophy was associated with polyuria were greatly puz-
zled. The physiological study of urinary flow, which at that time
was considered to be the main function of the kidney, began in
1820. Initial observations that urine flow depended to a large
extent on the rate of solute excretion were ignored and forgot-
ten. Until 1870 it was thought that the state of the general
circulation or renal vascular tone controlled urinary flow. The
overwhelming role of the urinary solutes had to be rediscov-
ered. This phenomenon was demonstrated by raising the
plasma concentration of any substance which is excreted by the
kidney, a method which Alfred Cushny (1866—1926) used with
some distinction after it had been used by others. In this way he
unraveled the general phenomenon of selective reabsorption by
the tubules of each solute in the glomerular filtrate. He pointed
out that this solute induced diuresis was crucial to his concept,
which he entitled the "Modern View" in his book The Secre-
tion of the Urine published in 1917 [1].
The paradox of polyuria and renal atrophy
When clinico-anatomical studies began, the finding that urine
flow did not decrease or, even more surprisingly, might increase
from kidneys which were later found to be atrophic at autopsy
was occasionally commented on. This fact is often attributed to
Theophile Bonet (1620—1689) from Geneva, who was the cele-
brated precursor to G.B. Morgagni (1681—1771). Actually his
book makes no mention of this disconcerting juxtaposition [2].
Johan Jakob Wepfer (1620—1695) from Schafliouse was the
physician to Prince de Furstenberg, whom he accompanied
when Louis XIV formally entered Strasbourg in 1681 after this
town had rejoined France. They had hardly arrived when the
Prince, having lost consciousness on the stairs, fell and died a
few hours later. At autopsy Wepfer found that there was a
cerebral hemorrhage, that the kidneys were atrophic and that
their surfaces contained one nodule and several small cysts.
Wepfer (Fig. 1) was particularly struck by these findings, for
during the preceding three years his patient had passed abun-
dant amounts of pale, clear urine. Wepfer discussed the con-
trast between the clinical and anatomical observations in the
light of L. Bellini's (1643—1704) description of medullary tubules
in 1665 and M. Malpighi's (1628—1694) identification of glomer-
uli in 1669. [This was hardly surprising in that Wepfer was a
dedicated physician, not only well informed but also famous for
his description of hemlock poisoning and for his studies of the
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called "granular degeneration," did not consider the paradox of
polyuria with renal atrophy [8]. To him polyuria was a dilute
urine accompanying chronic nephritis which was more evident
when uremia became terminal. Christison's physiological way
of thinking fell on deaf ears. For instance, P. Rayer (1793—1868)
only mentioned polyuria in his treatise [9] when he discussed
diabetes, insipidus if the urine was dilute, and mellitus if it was
concentrated, without mentioning the polyuria of chronic ne-
phritis.
The polyuria of chronic renal failure was made more compre-
hensible in 1898 when A.V. Koranyi [10] eventually described
isosthenuria. Its pathophysiology was finally described by
Hayman et al [11], Platt [12, 13] and Bull [14], and then, because
of the type of studies on osmotic diuresis which were initiated
by H. Smith, it was integrated by N.S. Bricker in his "Intact
Nephron Hypothesis" [15]. Hayman et al [11] were also the first
to find that after a subtotal nephrectomy the reduction of GFR
was less than that of the number of glomeruli. Hence they
introduced a glomerular component into the mechanisms re-
sponsible for the polyuna which accompanies an osmotic
diuresis.
The first experimental polyurias or two missed opportunities
Polyuria following an injection of urea
Fig. 1. Johan Jacob Wepfer (1620—1695). (From Ciba Journal, n° 44,
1937, with authorization of Ciba-Geigy S.A., Basel, Switzerland. All
rights reserved).
cerebral vascular network by means of colored injections.
Wepfer had many disciples. Among them two are still quoted,
both in the field ofgastroenterology: J.C. Payer (1653—1712) and
C. BrUnner (1653—1727). The latter played a role in the rebirth of
the School of Medicine of Heidelberg in 1686].
In 1959 P. Kiemperer and W. Federn [3] retrieved Wepfer's
forgotten observation which had been published in 1727 [4] after
the death of Wepfer. It reminded them of Sir C.S. Sherrington's
(1857—1952) comment in his book [5] on Jean Fernel (1496—1558)
that: "Essential to a great discoverer in any field of nature
would seem an intuitive flair for raising the right question . .
to ask something which the time is not yet ripe to answer is of
little avail".
In 1780 J.N. Halld (1754-1822) described a patient who had
had polyuria whose kidneys at autopsy were severely diseased
and he wondered "which of the two kidneys had been the more
capable of maintaining urinary excretion" [6]. Halld was one of
those who reinstated the teaching of medicine in Paris in 1795;
he was Napoleon's and Louis XVIII's doctor. [Hallé fought for
the introduction of vaccination and he supported R.T.H. Laen-
nec (1781—1826). Eventually he had the honor to succeed J.N.
Corvisart (1755—1821)].
Bright in his 1827 paper [7] mentioned polyuria but it was not
emphasized. In 1839 R. Christison (1797—1882), who was lo-
cated in Edinburgh, when studying Bright's disease, which he
The polyuric effect of an injection of urea was discovered
during experiments which were designed to study the toxicity of
this principal constituent of the urine.
The story begins in Geneva. Jean-Louis Prevost (1790—1850)
and Jean-Baptiste Dumas (1800—1884) pointed out that in sev-
era! species of animals, death following bilateral nephrectomy
was preceded by a steady rise in blood urea. In this way they
established that the kidney excreted urea but that it did not
synthesize it [16], and they thus founded experimental renal
physiology and renal pathophysio!ogy. They also upheld the
hypothesis of two chemists, A. Fourcroy (1755—1809) and N.
Vauquelin (1763—1829), that renal diseases might be accompa-
nied by retention of urea [17]. Their work showed that instead
of relying entirely on anatomical and autopsy findings, a study
of the changes that occurred in the blood in pathological
conditions could also be revealing. Prevost and Dumas were so
convinced of the importance of their findings that with a certain
lack of modesty they entitled the paper, The examination of the
blood and of its action in various aspects of life, announcing
that diabetes, gout and edema were probably due to humora!
abnormalities.
As soon as these observations arrived in Paris, Pierre
Salomon Ségalas d'Etchepare (1792—1875), under the supervi-
sion of Vauquelin, first confirmed the work and then tried to
demonstrate that urea was toxic. Four grams of urea injected
intravenously into a Basset hound, however, only provoked a
polyuria. Sdgalas thus pigeon-holed urea as a potent diuretic
[18] and lost interest in it. Nevertheless Ségalas had produced
the first model of an osmotic diuresis.
Some comments on these three personalities. Prevost (Fig. 2)
from Geneva had studied in Paris, qualified in Edinburgh and
practiced in Dublin before he returned home [19]. Dumas (Fig.
3), who came on foot from Ales in the South of France, was a
student apprentice in Geneva in the pharmacy of P.F. Tingry
(1743—1821) and of the Le Royers (Fig. 4), father and son
JE tI ,t..
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Fig. 2. Jean Louis Prevost (1790—1850). (From 1814—1914. Le Livre du
Centenaire. edited by A JULLLEN, Genève, 1914, H.T. pp 95—96, kindly
provided by Dr. R. Mayer, Geneva).
Augustin (1793—1863). The latter was an active member of the
intelligentsia of Geneva [20, 21]. Scientific meetings were held
in the pharmacy, attended by 0. de la Rive (1770-1834), A.P.
Candolle (1778—1841), J.F. Coindet (1774-1834), H.T. de
Saussure (1767—1845) and other scientists. After the bilateral
nephrectomy experiment which made them famous, Prevost
and Dumas turned to microscopy using the achromatic objec-
tive designed by Giovanni Battista Amici (1786—1868) and his
microscopic technique of immersing the specimen under in-
spection. They studied the maturation of sperm in the frog's
testicle and the fertilization of the ovum together with its
subsequent segmentation. A little later Prevost had a particular
interest in the development of the heart and the manufacture of
blood, while continuing to be a consultant in Public Health.
[Prevost was a well known physician from whom high ranked
persons from all of Europe took advice. "J'ai vu l'admirable
Prevost a Genve" wrote Stendhal (1783—1842). [J. Th6odor-
ides: A propos de J.L. Prevost. Gesnerus (1977) pp. 82—89].]
Dumas followed A.v. Humbolt (1769—1859) "the most Parisian
of the German scientists," a member of the very select Société
d' Arcueil [22]. Dumas became one of the founders of organic
chemistry, a teacher of repute who then became a powerful
politician. He encouraged many talented young workers, in-
cluding Louis Pasteur (1822—1895), suggesting that he should
study the silk worm epidemics, Pasteur's first step in relating
bacteria to disease. This was the logical follow-up of Pasteur's
Fig. 3. Jean Baptiste Dumas (1800—1884). (Courtesy of Académie
Nationale de Médecine. All rights reserved).
previous studies on fermentation abnormalities in the making of
sauerkraut, wine, beer, etc.
Sdgalas (Fig. 5), who started as F. Magendie's (1783—1855)
technical assistant, left physiology for urology and, with the
help of the famous physicist A.H. Fresnel (1788—1827), de-
signed a speculum for the urethra and bladder. Towards the end
of his life he pioneered "social medicine" in Paris.
The first steps towards an overall understanding of urinary
function [Friedrick WOhier (1800—1882)].
In 1823 Heidelberg University announced that a prize would
be given for an essay on "Weiche Substanzen, durch den Mund
:1!' - •-t--r— — •-,' - nfl •—'i I
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Fig. 4. The famous pharmacy of Le Royer
and Tin gry in Geneva where Prevost and
Dumas met and where regular private
scientjflc meetings were held. It was usual for
well-known foreign scientists passing through
the town to attend the sessions. The then
modern chemistry was taught there by Pierre
Francois Tingry before he became the first
official professor of chemistry in Geneva at
the Acadëmie. (Drawing reproduced from
1814—1914. Le Livre du Centenaire. edited by
A JuLLIEN, Genève, 1914, H.T., pp 95—96;
Dessin de Ia PharmacieLe Royer& Tingry kindly provided by Dr R Mayer Geneva)
oder auf eine andere Weise in den Körper des Menschen oder
Thiere gebracht, gelangen in den Ham, und was man hieraus
schliessen" ("Which substances which are ingested or gain
access by any other means into the body of man or animals are
excreted in the urine and what are the implications"). WOhler,
a born research worker, took up this challenge in spite of the
poor qualitative chemical techniques then available.
He divided the thirty organic and twelve mineral substances,
which he either ate or injected into a dog, into those that did not
appear in the urine and those which were excreted either in an
identical form or after they had been altered in some way by the
body [25]. He concluded with a prophetic physiological over-
view, which is interesting to quote verbatim, for he was perhaps
the first to introduce the idea that the role of the kidney is to
keep in equilibrium the blood's content of water and of those
substances which appear in the urine: sie sind also Omgane,
welche dazu beitmagen, das B/ut in seiner Leben nothwendigen
Mischung zu erhalten, ohne selbst irgendeine neue Materie zu
erzeugen" (they are therefore organs which contribute to
keeping the composition of the blood without retaining any new
material). He observed that: the blood is alkaline while the
urine is often acid; the urine becomes alkaline after the inges-
tion of the salts of organic acids; the solutes of the urine are
excreted independently of one another; and an excess of solute
in the urine entails an increased excretion of water. WOhler
considered solutes to be true diuretics and not indirect diuretics
such as digitalis. Quoting Sdgalas's results with urea [18], but
without mentioning any findings of his own, WOhler claimed
that urea is a powerful diuretic. Moreover, he theorized that
disturbances of renal functions might exist (Verrichtungen der
Nieren). Finally, he correctly attributed the polyuria of diabetes
to the glycosuria.
The concept of an osmotic diuresis was therefore first put Fig. 5. Pierre Salomon Segalas d'Etchepare (1792—1875). (Courtesy of
forward in this pioneer work. It was rarely cited thereafter, Dr. Alain Ségal, Reims, France).
'C C-—
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In addition to the experiments of Ségalas and Wohler one
must mention the clinical observations of Charles Chossat
(1796—1875) from Geneva, who published a lengthy paper on
urinary function in which he was the experimental subject. This
work received an award of the Académie des Sciences, Paris.
Chossat was the private physician to a peripatetic Austrian
countess who travelled around Italy. In spite of his incessant
moves he studied his water and solute excretion under a variety
of conditions, with rigorous attention to detail. One of his aims
was to find out whether the rate at which urinary water was
excreted did or did not depend on the rate of solute excretion
(the "dry residue"). He found, indeed, a connection between
urinary water excretion and the excretion of "animal substanc-
es," that is, those containing nitrogen [28, p. 145]. Chossat
returned to Geneva where he chose to do experiments on death
from total starvation. He then turned to politics, but with such
generous ideas of social justice that he was considered to be too
radical by most of his countrymen [29].
On the whole, these prescient observations of Ségalas,
WOhler and Chossat fell on deaf ears primarily because, at that
time, the necessity and value of studying the function of organs
(as opposed to their structure) was not yet seriously considered,
even among those clinicians who wished to do research.
The hypothesis that renal circulatory factors control urine flow
Fig. 6. Friedrich Wöhler (1800—1882). (Courtesy of Hoechst France).
even in the 19th century, except by Rayer [9] and by Moutard
Martin and Richet [26], who accorded it its proper worth.
Wöhler was thus also a notable physiologist, like L. Gmelin
(1788—1853) under whom he worked.
Wohler (Fig. 6) was the son of a country veterinary surgeon
and agronomist who had official duties in Hesse. He became a
doctor of medicine and then a distinguished chemist. Two years
with Berzelius (1779—1848) in Sweden confirmed the change.
The most renowned of his discoveries was the synthesis of
urea. In 1828 he wrote to Berzelius ". . . und muss Ihnen
sagen, dass ich Harnstoff machen kann, ohne dazu Nieren
uberhaupt em Tier, sei es Mensch oder Hund, uberhaupt notig
zu haben. Das cyansaure Ammoniak ist Harnstofj" ("I must
tell you that I can make urea in the absence of kidneys, man or
dog. Urea is the ammonia salt of cyanhydric acid"). This was
the first synthesis of an organic substance which all agreed
belonged to the animal kingdom, a sensational finding that did
untold harm to the cause of the vitalists. [In 1823, studying
silver cyanate, WOhler was with Berzelius in Sweden while J.
Liebig (1803—1873) was analyzing silver fulminate in Paris in the
laboratory of Gay-Lussac (1778—1850). These two obviously
different substances had the same composition in C, N, 0, and
Ag. The young chemists exchanged letters and became close
friends till Liebig's death. They submitted the case to Berzelius,
who checked the data and named the phenomenon Isomeria.
Berzelius and Gay-Lussac heavily influenced the development
of European chemistry. Indeed, they were not only famous for
their findings but also respected for their generous spirit.
Moreover, both were fluent in all the then-spoken European
languages.]
In 1842 William Bowman (1816—1892) at the age of 25, when
he was in his histological mode in London, and the physiologist
Carl Ludwig (1816—1895), then in Marburg, simultaneously laid
the foundations of glomerular filtration [30]. Later in 1854
Ludwig, while he was in ZUrich together with F. Goll [31], and
in 1862 when he was in Vienna with W. Hermann [32], observed
that the kidney ceased to elaborate urine if the blood pressure
was reduced by either bleeding or compression of the renal
artery. Thus urine flow appeared to be dependent on the renal
circulation. To this was added Claude Bernard's (1813—1878)
concept of vasomotor tone, for he had shown that stimulation of
Chorda Tympani could induce a vasodilation in the submaxil-
lary gland and an increase in secretion. Without hesitation, C.
Bernard then transposed this mechanism to explain the polyuria
of diabetes. In the summary of his 27 February 1855 lesson he
concludes: "De la polyurie—Elle est indépendante de la glyco-
surie!" [33] (As regards polyuria—it is independent of glycos-
uria). He even went as far as claiming that in the experimental
form of diabetes induced by a lesion of the medulla oblongata,
glycosuria and polyuria were each due to two separate but
adjoining vasomotor centers! In 1875 this remarkable miscon-
ception was exposed by E. Vulpian (1826—1887), who at the end
of a protracted study, was able to show that the renal vasomo-
tor nerves had no lasting effects on urine flow [34]. On the other
hand, L. Traube (1818—1876), who was working in "La
Charité" in Berlin, claimed that the polyuria and absence of
edema in bilateral renal atrophy was due to the diuretic effect of
the associated hypertension [351. This idea prevailed for some
time and was quoted without comment by C. Bartels (1822—
1878), who, in a well known treatise, dismissed polyuria in a
few lines [36]. Nevertheless, after several attempts to verify this
hypothesis, such as that of Lewinski [37], it was finally aban-
doned even before it was possible to measure the blood
pressure of humans. In experimental conditions the relation
between urine flow and the renal circulation studied by Cushny
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[1] and Winton [381 remained uncertain. Cushny had underlined
the relative insignificance of the arterial pressure on a sodium
chloride-induced polyuria.
Polyuria and the composition of the blood
Those who discussed and investigated the polyuria which is
associated with uremia or diabetes appeared to be unaware of
Segalas's [18] finding that polyuria follows an injection of urea,
and Wöhler's and Chossat's demonstration that the rate of
water excretion by the kidney is related to that of the dissolved
substances in the urine [25]! There was an interval of fifty years
before the diuresis was associated with urea and the urinary
salts, particularly those of sodium, and the sugars were sub-
jected to a detailed analysis.
Urea and the chloride and bicarbonate salts of sodium
In 1870 Ustimowitsch, while working in Ludwig's depart-
ment in Leipzig on the hypotension which follows cervical cord
section, confirmed that urine flow ceases around a pressure of
55 mm Hg, but noted that it can be made to increase or even
reappear by an i.v. injection of urea or NaC1 even when the
arterial pressure had fallen below 40mm Hg [39]. The data seem
to have been accepted by Ludwig himself. Indeed, Sir L.
Brunton (1844—1916), who was then in Ludwig's laboratory and
later became a pharmacologist of note, stated, in a lecture
delivered in 1912 on the mechanisms underlying the formation
of urine [40], that Ludwig (Fig. 7) used to keep a tight grip on all
the experiments being performed in his laboratory and that he
edited each paper that emerged, even if his name was not
included among its authors. Brunton quoted verbatim a German
text of Ludwig and gave its translation: "that the effect of the
pressure depended upon the amount of urinary constituents in
the blood, so that a given difference of pressure between the
arteries and the ureters only becomes effective when the blood
contains a definite amount of urinary constituents. The reason
why chloride of sodium, urea, etc., increases the effect of the
pressure may either be that the urine secreted through the
glomeruli undergoes further changes through the urinary tu-
bules, or that the permeability of the membranes which sur-
round the glomeruli is altered according to the greater or less
amount of urinary constituents in the blood. In all probability
both of these factors are concerned." Obviously Ludwig was
not satisfied by that rather vague explanation as he announced,
"Spatere Untersuchungen müssen hierüber entscheiden" (Fur-
ther experiments will resolve the point). It does not seem that
these further experiments were done. Thus Ludwig and those
who worked in his laboratory had demonstrated that besides a
minimal renal perfusion pressure, the continuance of urine flow
also depends on the composition of the blood. Traditionally,
however, Ludwig's observation about the influence of the blood
during hypotension was soon forgotten. For instance, the role
of the composition of the blood is not cited in a recent paper
quoting Ustimowitsch's work [41].
R. Heidenhain (1834—1897) [42] asked Grutzner [431 to repeat
these experiments. Together with his own observations on the
effects of injecting large amounts of sodium bicarbonate and
uric acid, Heidenhain came to the conclusion that the tubules
are able to secrete the salts present in the urine, an interpreta-
tion which was totally opposed to that of Ludwig's ctncept of
Fig. 7. Carl Ludwig (1816—1895).
the dominating role of glomerular filtration in the elaboration of
urine.
In 1872 K.F.P. Falck (1816—1880) who belonged to a medical
family from Marburg and was well known for the careful
manner with which he applied chemistry to the study of clinical
problems, studied the diuresis that follows the administration of
sodium chloride. Body weight, urinary water, chloride excre-
tion and specific gravity of the urine were studied before, during
and after the intravenous injection of 100 ml of 3% sodium
chloride [44]. The increase in urine flow led to a negative water
balance and, despite increasing dehydration, to a fall in the
specific gravity of the urine.
Sugars
The polyuria of diabetes was recognized before Thomas
Willis (1621—1675) discovered that diabetic urine contained
sugar. At the end of the 19th century it was gradually ascribed
to hyperglycemia and found to be proportional to the glycosuria
[45].
In 1879 Ch. Richet (1850—1935) and R. Moutard Martin
(1850—1926), stimulated by a previous statement of Claude
Bernard at the Société de Biologie [46], studied the fatal
consequences of an i.v. injection of milk to a dog, a maneuver
which had been tentatively proposed for the treatment of
extensive hemorrhage [47, 48]. An immediate polyuria occurred
which Mayer had already recorded about 50 years earlier [9].
Could this possibly be due to the sugar in the milk? Succes-
sively Richet and Moutard Martin revealed that: i.v. lactose,
sacharrose, levulose and dextrose each caused the immediate
appearance of the sugar in the urine, followed by an increase in
;7
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urine flow within the first minute [49, 50]; the polyuria was
dependent on the amount of sugar that was injected and not on
its concentration [51]; sodium chloride, sodium phosphate,
sodium iodide and glycerine had the same effect; and that after
an injection of a solution of urea the urinary excretion of water
was proportionally greater than that of the urea [52]. Thus it
was concluded that the composition of the blood controlled
urine flow. These findings defined the physiological role of
polyuria: ". . . le rein dolt être considére comme le regulateur
de Ia concentration du sang; par consequent la polyurie rEsulte
de la concentration trop grande d'une substance dialysable
dans le sang, reserve faite des conditions de pression et
d'innervation" (the kidney controls the concentration of the
blood; thus an increase in the concentration of a dialyzable
substance in the blood causes a polyuria regardless of the blood
pressure or renal innervation) [26]. The "Milieu Intdrieur" is
not mentioned in any of the paners. even the last and most
explicit [26]. This omission is particularly striking as Charles
Richet personally knew and deeply admired Claude Bernard
whose statement had inspired this particular work. It shows
that, at that time, the overwhelming importance of the concept
of "Milieu Intérieur" had not yet been appreciated.
Though it was known that osmosis controlled the passage of
water across semipermeable membranes, it was not until 1881
that F.M. Raoult (1830—1901) discovered that osmotic pressure
could be measured by the freezing point depression. This
procedure replaced De Vries's technique of plasmolysis [53].
Finally, twenty years later the diuretic response to the i.v.
injection of the same weight of various sugars was shown to be
proportional to their molar concentration [54].
In 1902 Richet edited the section on "Diuresis" in the
Dictionnaire de Physiologie [55]. On the whole he used his old
observations, only adding the osmotic pressure of the urine and
its reduction during a saline diuresis [56]. He considered "Ia
fonction sécretoire du rein" (the secretory function of the
kidney) in its entirety, filtration and tubular function were still
ignored—the black box approach. Richet (Fig. 8) was involved
in physiology early in his career, first normal then pathological.
Sometimes his projects finished up in the hands of others. Many
came to nothing. The range of his enquiry engendered a certain
amount of humor among most of his colleagues; but particularly
with Paul Portier (1866—1926), it led him to discover anaphylaxis
and so obtain the Nobel Prize in 1913. He had wide interests
and was eventually aknowledged as a "Renaissance humanist"
[57]. Paul Portier became Professor of Comparative Physiology
at the Sorbonne and at the Institut Oceanographique in Paris,
keeping up his interests in general physiology as well as in the
more specialized areas of fish and lepidoptera [58]. R. Moutard
Martin was a clinician who thereafter was no longer interested
in research.
The changes in the osmotic pressure of the urine during
solute diuresis
In 1892 Dreser (1860—1925), a physician and physicist in
TUbingen, followed up an unpublished observation of F.
Hoppe-Seiler. He compared the freezing point depression of the
plasma to that of the urine in the cat [56] and human [59] during
various states of hydration. Moreover, he measured the urine
osmolality of dehydrated rabbits following the i.v. injection of 1
gram of sodium chloride. The flow of urine increased and its A
changed from —1.56 to —1.06 C [56]. This merging of the
Fig. 8. Charles Richet (1850—1935) around 1880. (Personal document).
plasma's and the urine's osmolality was in line with previous
observations with urea and sodium chloride [26, 44]. It demon-
strated a general characteristic common to all osmotic diuresis
which would be analyzed [60]. Dreser's work inspired that of
A.v. Koranyi (1866—1944) from Budapest, another of Hoppe
Seiler's pupils, who introduced the idea that isothenuria during
dehydration is a sign of renal failure [10, 61].
Cushny's findings on active and selective reabsorption of solutes
ushered in the concept of an osmotic diuresis
Cushny's The Secretion of the Urine [1], first published in
1917, launched the modern era concerning the physiological
mechanisms that control the formation of urine and its compo-
sition. About a quarter of the book discusses the relation of
water to solute excretion, as well as the polyuria that follows an
intravenous load of sodium salts or urea. He argued strongly
that this evidence suggests that the reabsorbed part of the
glomerular filtrate is a solution identical to a filtrate of normal
plasma [1, pp. 47—48]. Thus it contributes in maintaining the
composition of the blood constant. Cushny divides solute
diuresis into two types, dilution and tubule [1, p. 122 and p.
141].
Dilution diuresis
The polyuria which follows an i.v. injection of sodium
chloride was one form of "dilution" diuresis. In trying to single
out those factors which might influence the renal response,
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Cushny excluded a rise in renal blood flow, previously consid-
ered important. Indeed, when it was measured in better circum-
stances it was found not to be a necessary accompaniment to
the resulting diuresis [62, 63]. E. Starling (1866—1927) and
Knowlton respectively suggested and studied the possible effect
that plasma dilution might have [64, 65]. They reasoned that the
fall in plasma oncotic pressure would increase the effective
filtration pressure across the glomerular capillary and thus
might augment the filtration rate. But the change in urine flow
did not follow those of the plasma protein concentration which
was still reduced when urine flow returned to normal. One
should not forget that GFR was then beyond the possibility of
investigation.
Cushny [1, pp. 134—135] pointed out that in a "dilution"
diuresis the following characteristics occur: a fall in urine
osmolality towards but never below that of the blood; a
tendency for the urine pH to become neutral, whether it was
originally acid or alkaline; a fall in the concentration of the
urinary solutes, especially those that are always present in the
urine regardless of their plasma concentration, that is, those
without a renal threshold; a change in the excretion of certain
substances which do have a renal threshold such as chloride
and glucose, both during and after the diuresis (the extent of the
change being influenced by the initial metabolic circumstances,
and as regards chloride, the concentration of NaC1 in the
intravenous solution). This description fits that of an osmotic
diuresis, but Cushny did not consider these factors to be
distinctive. He concluded that, "The characters of the urine
during "dilution" diuresis have been examined with some care
but differ only slightly from those obtained in other forms of
diuresis, so that the following may be taken as a description of
diuretic urine in general. The urine during a diuresis always
approaches the plasma composition more nearly than when it is
more moderate." The latter suggests that he had not studied a
water diuresis.
"Tubule" diuresis
What really interested Cushny was "Tubule Diuresis" in
which he argued strongly that there is "active and selective
Fig. 9. Graph taken from A.R. Cushny. (The
Secretion of the Urine. London, 1917, Fig. 28,
p 147).
reabsorption by the cells of the tubules," thus distancing
himself from Ludwig's early concept that reabsorption was
unselective and occurred by diffusion and endosmosis [661. This
was a major step in understanding the excretory function of the
kidney.
Wallace and Cushny [67] had observed that the absorption of
salts contained within the lumen of an isolated but in situ
vascularized intestinal loops was most unequal. The absorption
of both anions and cations was independent of the osmolarity of
the intestinal contents. They had come to the conclusion that
the transfer of salts across the epithelium was due to active and
specific transoort mechanisms. The salts that were not ab-
sorbed and remained within the intestinal lumen thus prevented
the reabsorption of a certain amount of water which explained
the laxative effect. Cushny had also noticed, in the papers of
Magnus [68] and of Haake and Spiro [69], that the urinary
excretions of different salts, which had been given intrave-
nously in isotonic concentrations, were also most unequal. It
was possible, therefore, that in both the intestine and the tubule
there were specific transport mechanisms for various salts and
sugars. The term "Tubule diuresis" was given to a diuresis
which followed the intravenous injection of substances filtered
at the glomerulus which were poorly or not reabsorbed. Had he
not ignored the osmolality of the urine he might just as well
have called "tubule diuresis" an osmotic diuresis [70, 71].
Among the experiments which led to these conclusions, the
most explicit were those that compared the rise in NaCI
excretion to that of Na2SO4 after i.v. injection of the same
volume of equimolar solutions of the two salts. The rise in
urinary excretion of Na2504 was earlier than that of NaCl (Figs.
9 and 10). Partial obstruction of a ureter or a renal artery
reduced the excretion of water proportionally more than that of
NaC1 and barely affected the excretion of Na2SO4 (Tables 1 and
2). Cushny concluded that the maximal capacity of the kidney
to concentrate each of the disolved substances in the urine
varied because each substance was reabsorbed selectively:
"There is thus a limit set to the power of the kidney to separate
water from solids of the plasma, for the solids of the urine
require the presence of a definite amount of water, which has
0 U) 20 )0 40 50 60 10 80 )O
Graphs of the secretion in two rabbits after the intravenous injection of
equal amounts of isotonic olucions of sodium chloride (—.—.—) and sodium sul.
phate (. . .) rcpecuvely. The time of injction is indicated on the base line.
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Fig. 10. Graph taken from A.R. Cushny. (The
Secretion of the Urine. London, 1917, Fig. 29,
p 149).
Table 1. Experiment on a rabbit in which a mixture of sodium
sulfate and chloride solutions was injected, one ureter being
obstructed by a resistance of 30 mm Hg, while the other was free
Urine Chloride Sulfate
grams
(a) Unobstructed side
(b) Obstructed side
Difference
Proportion b/a
24
8
16
33%
0.0809
0.0142
0.0667
18%
0.1080
0.0667
0.0413
62%
The excretion of chloride is reduced to a greater extent than that of
sulfate and to a lesser extent than that of water, disclosing a difference
between tubular transfers of urinary substances. (Taken from A.R.
CU5HNy: The Secretion of the Urine. London, 1917, p 150).
been termed by Ambard [72] the 'Volume Obligatoire" [1, p.
24J. (Ambard's main ideas and his place in the history of
nephrology have recently been expounded by S.E. Bradley
[73].) Later [1, p. 49] he stated more precisely that: "The
presence of any unabsorbable substance in the fluid passing
along the tubules limits the reabsorption, for it offers osmotic
resistance which increases as the fluid is taken up until it can no
longer be overcome by the cell activity." H.W. Smith later
expressed this interpretation in almost identical terms in The
Kidney: "the presence in solution of any body which cannot
permeate the walls retards the escape of the fluid, and it is
conceivable that on obstruction of the ureter these non perme-
ating bodies such as urea might accumulate in the tubules, until
their osmotic pressure equalled the absorbing power of the
epithelium" [74, p. 432—433]. Nevertheless, in The Kidney
Cushny is quoted only once and on a totally different topic, the
diuretic effect of caffeine. Nor is Cushny mentioned in the
numerous papers on osmotic diuresis which appeared between
1938 and 1955.
It is sad that though his writings often included the subject [1,
p. 24], Cushny never tackled a wider ranging study on urine
Table 2. Experiment on a rabbit with compression of the left
renal artery and injection of a mixture of sodium sulfate and
sodium chloride
Urine Chloride Sulfate
grams
(a) Normal side
(b) Constricted side
Difference
Proportion b/a
9.5
2.15
7.35
22%
0.038
0.005
0.0325
14.5%
0.105
0.035
0.070
66%
The excretion of sulfate is diminished to a lesser extent than that of
chloride and water on that side. (Taken from A.R. CUSHNY: The
Secretion of the Urine. London, 1917, p 151).
osmolality. He considered that Dreser's calculations [1, p. 31],
when comparing the osmolality of the plasma to that of the
urine, were irrelevant because he, Cushny, insisted that the
urinary solutes are not all handled in the same manner. Simi-
larly, Cushny only quoted Koranyi's clinical observations in
order to refute them without explanation, and he does not even
mention Korànyi's name in the 385 references of his book.
Cushny was born and died in Scotland. He graduated in
Aberdeen, had a European upbringing in Bern with H. Kro-
necker (1839—1914), one of Ludwig's disciples, and then in
Strasbourg with 0. Schmiedeberg (1838—1921), who was one of
the first to combine physiology and pharmacology. In 1893 he
went to the University of Michigan and returned to London in
1906 before being appointed to the Chair of Pharmacology at
Edinburgh in 1918. He acquired an international reputation
through the multiple editions of his book on pharmacology. His
research included observations on digitalis, the contraction of
the heart muscle, auricular fibrillation and the pharmacology of
"optical isomers" [75]. Not least was his work on the kidney
which eventually led to the physiological dissection of glomer-
ular and tubular function, which laid the foundation of P.R.
60 75 90 105 120
Curve of elimination of chloride (—) and sulphate (.- - .), when they are
injected together in equal amounta in a rabbit. Time in minutes. Urine(—).
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Fig. 11. Alfred R. Cushny, (1866—1926).
Rehberg's (1895—1985) contribution and to the direct observa-
tions of A.N. Richards (1876—1966) [761.
The kidney's response to an osmotic load and unusual
substances differentiated it from the other "glands"
The early pioneers of physiology were always fascinated by
the nature of "secretions" (transudates, exudates and other
biological juices) and of "glands," particularly of the kidney.
By examining tissues after they had been injected arterially with
colored materials, M. Malpighi (1628—1694) and F. Ruysch
(1638—1731) at the end of the 17th century were the first to study
the structure of "glands" and thus able to describe their
capillary network. But their ideas on the mechanisms respon-
sible for "secretion" differed. Malpighi thought that a selective
barrier actively permitted (but how?) only those substances in
the blood which needed to be secreted to pass through into a
"follicule" which drained into a canal which was in communi-
cation with the exterior. Ruysch, on the other hand, proposed
that there were pores directly uniting the lumen of the capillar-
ies to that of the excretion duct and that the nature of the
substances which came through them was determined by phys-
ical factors such as diameter of the capillaries, that of the pores,
the rate of blood flow, etc.
In 1751 T. Bordeu (1722—1776) from Montpellier had pub-
lished his "Les recherches anatomiques sur la position des
glandes et leur action" (The anatomy and position of glands
and their activity). He had opposed the purely mechanical
concepts that were then in fashion, for he thought that they
could not possibly explain the great and constant differences
between various secretions, such as saliva, milk, and urine, etc.
[77]. He had proposed that each organ must have a particular
activity which he called vital, using that term purely descrip-
tively.
Between 1820—1830 J. Bostock (1773—1846) [781 and F. Ma-
gendie [791 in their respective treatises on physiology each had
a chapter on the general mechanisms concerned with secretion.
They generally agreed, and made a distinction between the
filtration of the normal constituents of the blood and the
appearance in the gland's secretion of those substances which
were not present in the blood and must, therefore, have been
formed by the "gland" itself.
Cushny's concept on the formation of urine, however, was
that all the substances present in the urine came directly from
the blood and were thus a residue left behind by active and
selective reabsorption from the glomerular filtrate. This concept
distinguished the kidney from the other "glands" which
Cushny agreed synthesized and actively secreted substances
which were not present in the blood. In addition, he considered
that the difference between the kidney and the other "glands"
was reinforced by the way they responded to various stimuli.
His book contains a chapter on these differences. Only the
kidney responded to an osmotic load and to changes in arterial
pressure [80, 81]. Saponin, the glucoside of soapwort, caused a
polyuria but had no effect on the secretion of other "glands"
[821; the kidneys differed from the salivary glands in the way
they eliminated various unusual salts which had been adminis-
tered intravenously [80—82]; atropine and piocarpine which had
such a marked effect on salivary glands had no detectable effect
on the urine. It was Cushny's observation that phloridzin's
effect was almost entirely confined to the kidney that induced
him to refute Heidenhain's main concept, that of tubular
secretion [75].
Epilogue
It is fitting to finish with one of Flourens's (1794—1867)
quotations. In addition to his findings on cerebral localizations,
particularly the cerebellum, and the role of the periosteum in
bone remodeling, he was passionately interested in the history
of medicine. In 1854 he wrote "A history on the discovery that
blood circulates" in which he acknowledged Harvey's pro-
found contribution. Nevertheless, in the preface to his first
edition, he wrote: "The discovery that blood circulates could
not belong to only one person, nor to a particular period. It was
first necessary to destroy several misconceptions and each had
to be replaced by a truth" [83].
The mechanisms responsible for an osmotic diuresis were
revealed just as slowly. Along the 19th century the role of
various solutes upon the urinary output was progressively
established by a series of physiologists, Sdgalas, WOhler,
Chossat, Ustimowitsch, Falck and Richet. By extending this
approach, Cushny was able to be the first to formulate a general
theory which encapsulated the proposition that the formation of
urine was determined by the need to maintain the constancy of
the "milieu inténeur". He began by eliminating several errors
before pointing out the juxtaposition of filtration and a separate
and active tubular reabsorption for each urinary constituent,
supporting the modification of the Ludwig's concept [84]. It is
remarkable that Cushny's theory was put forward at a time
when there was, as yet, no direct evidence of glomerular
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filtration. Nevertheless Cushny's insistence on the predomi-
nance of glomerular filtration and reabsorption when Heiden-
ham's theory of tubular secretion had pride of place [85] made
him ignore the possible contribution of the latter. He rejected
Dreser's work in 1905 on how the urine becomes acid [86] and
also Metzner's proposals [87] which have recently been quoted
[88]. One has the impression that he spent much of his energy
opposing at the Heidenhain's theory with which, to his irrita-
tion, the contemporary nephrological world seemed to accept.
Acknowledgments
The author is deeply indebted to his friend, Professor Hugh de
Wardener of London, for translating and discussing the manuscript, and
his secretary, to Professors J.S. Cameron from London, E. Ritz from
Heidelberg and H. Klinkmann from Rostock for providing old and
forgotten documents, to Dr. Vasmant and his secretarial staff, to the
Bibliothèques Interuniversitaire de Médecine and of Academic Natio-
nale de MCdecine and to their staffs, especially Mrs. Casseyre, Lenoir,
Molitor and Mr. Rivet, librarians, as well as to Miss M. Chapuis, a very
efficient documentalist.
Reprint requests to Gabriel C. Richet, M.D., 76 rue d'Assas, 75006
Paris, France.
References
1. CU5HNY AR: The Secretion of Urine. London, Longmann &
Green, 1917
2. BONET T: Sepulchretum, Sive Anatomica Pratica (II ed, vol III),
Sect. XXI, Paris, Acad. Nat. Med., 1700, pp. 403—406
3. KLEMPERER P, FEDERN W: The dilemma of Johan Jacob Wepfer.
BullHist Med 33:50—66, 1959
4. WEPFER JJ: AffectionesMedico-practicae, de Affectibus Internis et
Externis. Scaphusi, Joh. Adam Ziegler, 1727, in [3]
5. SHERRINGTON CS: The Endeavour of Jean Fernel. Cambridge, Un.
Pr., 1946, p. 142
6. HALLE JN: Sur deux ouvertures de cadavres qui ont prCsentC des
phenomCnes trés différents de ceux que semblait annoncer la
maladie. (Acad. Nat. Med. Paris) Histoire de Ia Société Royale de
Médecine 4:269—278, 1780
7. BRIGHT R: Reports of Medical Cases. London, Longman et al,
1827
8. CHRISTISON R: On Granular Degeneration of the Kidnies. Edin-
burgh, 1839, pp. 30, 31, 34, 35, 49, 52, 56
9. RAYER PFO: Traité des Maladies des Reins. 1837—41, Polyurie I, pp
64, 71, 237, 332, 333, Wôhler I, pp. 110, 185, 186; Quoting Mayer
diuretic effect of i.v. milk, I, pp. 160, 161
10. KORANYI AU: Uber den Ham und das Blut bei Nierenkrankheiten.
Zeitsch f kim Medizin 34:1—52, 1898 and Physikalisch-chemische
Methoden und Gesichtspunkte in ihrer Anwendung auf die pathol-
ogische Physiologic der Nieren, Physikalische Chemie und
Medizin, in edited by KORANYI A, RICHTER PF, Leipzig, G.
Thieme, 1907, vol 2, Chapt 5, pp. 133—190
11. HAYMAN JM JR, SHUMWAY NP, DUMKE P, MILLER M: Experi-
mental hyposthenuria. J Clin Invest 18:195—212, 1939
12. PLATT R: Structural and functional adaptation in chronic renal
failure. Brit MedJ 1:1313—1317 and 1372—1377, 1952
13. PLATF R, RoscoE MH, SMITH MW: Experimental renal failure.
Clin Sci. 11:217—228, 1952
14. BULL GM: Osmotic diuresis in acute tubular necrosis, in Modern
Views of the Secretion of Urine, edited by F,R. WINTON, London,
J. & A. Churchill, 1956
15. BRICKER NS: On the meaning of the intact nephron hypothesis. Am
JMed46:l, 1969
16. PavosTJL, DUMA5 JB: Examen du sang et de son action dans les
divers phénomènes de Ia vie Bibliothèque Universelle, Sciences et
Arts, GenCve 18:208—220, 1821 et AnnChim Phys Paris 23:90—104,
1823
17. FOURCROY AF, VAUQUELIN N: 2Cme MCmoire. Pour servir a
l'histoire naturelle chimique et médicale de l'urine humaine, dans
lequel on s'occupe spécialement des propriCtCs de la matiére
particuliCre qui Ia caractCrise. Ann de Chimie 32:80—162, 1799 (pp.
150—155)
18. SEGALAS D'ETCHEPARE PS: Sur de nouvelles experiences relatives
aux propriétés médicamenteuses de l'urCe . . . etc. J Physiol Exp
(Magendie), 2:354—363, 1822
19. ACKERKNECHT EH: La mddecine a GenCve surtout dans la pre-
miCre moitiC du l9Cme siCcle. C.R. XIXème Congr. mt. Histoire de
la Médecine, Bale (1964), Basel/New York, Karger, 1966, pp.
420—425
20. MANI N: La découverte de l'urémie expérimentale par J.L. Prevost
et J.B. Dumas. Médecine et Hygiene n° 593, 1 er Mai 1963 et
RICHET G, Early history of uremia. Kidney mt 33:1013—1015, 1988
21. GILLI5PIE CH C: Dictionary of Scientific Biography. SC Kepoor,
Dumas JB, 3:242—248, 1981 and Genève Suisse Livre du Centenaire
1814—1914. Julien Ed. GenCve, 1914, pp. 90—100
22. CROSLAND M: The Society of Arcueil. Cambridge, Harvard Uni-
versity Press, 1967
23. SEGALAS D'ETCHEPARE PS: Traité des Retentions d'Urine. Paris,
1828
24. SEGAL AL: Pierre-Salomon SCgalas d'Etchepare, précurseur de
l'endoscopie moderne. Bull Acad Nat Med 162:709—714, 1978
25. WOHLER F: Versuche Ober den Ubergang von Materien in den
Ham. Zeitsfür Physiologie 1:125—146 & 290—317, 1824
26. MOUTARD MARTIN R, RICHET C: Recherches expCrimentales sur la
polyurie. Arch Physiol Norm Path VIII: 1—48, 1881
27. WOHLER F: Uber kunstliche Bildung von Harnstoff. Annalen der
Physik und Chemie (Poggendorf) XII: Zweites Stuck, 253—256,
1828, and GILLI5PIE CHC: Dictionary of Scientific Biography,
KEEN R: Wöhler 13:474-479, 1981
28. CH055AT CH: MCmoire sur l'analyse des fonctions urinaires. J
Physiol Exp Pathol. (F. Magendie) 5:65—221, 1825
29. DaaIFUss JJ: Charles Chossat (1796—1875), physiologiste, mCdecin
et homme politique genevois. Rev. Suisse d'histoire de la médecine
et des sciences naturelles (Genesrus). 45:239—262, 1988
30. LUDWIG C: Beitrage zur Lehre vom Mechanismus der Ham-
skretion. Elwert. Marburg, 1843, and Lehrbuch der Physiologie des
Menschen. Heidelberg, Winter, 1852
31. GOLL F: Uber den Einfluss des Blutdrucks auf die Hamnab-
sonderung. Ztschrf rat Med 4:78—100, 1854
32. HERMANN W: Uber den Einfluss des Blutdruckes auf die Sekretion
des Hams, in Sitzungsberichte d. k. Akad. der Wissensch. zu Wien
45:11 Abt. 317—351, 1862
33. BERNARD C: Physiologie Expérimentale. Paris, Baifflére, 1855, pp.
345—348
34. VULPIAN E: Lecons sur l'appareil vaso moteur. Paris, Germer
BailliCre, 1875, pp. 523—556
35. TRAUBE L: Uber den Zusammenhang von Herz und Nierenk-
rankheiten. Berlin, Hirschwald, 1856, p. 158 & seq, and Gesam-
meite Beitrage zur Pathologie und Physiologie, Zweite Band,
Berlin, Hirschwald, 1871, pp. 290—333
36. BARTELS C: Die ailgemeine Symptomalogie der Nierenkrankheiten
und die diffusen Erkrankungen der Nieren, in Ziemssen:Handbuch
der specielien Pathologie und Therapie (vol 9), Leipzig, Vogel,
1875, French Translation, Paris, Germer BailliCre, 1884, polyuria p.
14
37. Lwn.siu: Uber der Zusammenhang zwischen Nierenschrumpfung
und Herzhypertrophie. Zeitschr kIm Mediz 1:561—582, 1880
38. WINTON FR: Pressure and Flows in the Kidney, II, in Modern
Views on the Secretion of Urine, edited by FR WINTON, London,
Churchill, 1956, pp. 61—95
39. UsrIMowrrscH C: Experimentelle Beitrage zur Theorie der Ham
Absonderung, Verh. d. Kgl. sachsigen Ges. d. Wissenschaften
Leipzig 22:430—470, 1870
40. BRUNTON L: Ludwig and other theories of the secretion of urine
and the action of diuretics. Proc Royal Society of Medicine,
Therapeutical and Pharmacological Section 5:133—151, 1912 (espe-
cially pp. 139—141)
41. THURAU K, DAvis JM, HABERLE DA: Renal blood flow and
dynamics of glomerular filtration: Evolution of a concept from Carl
Ludwig to the present day, in Renal Physiology—People and Ideas,
edited by CW GOTrSCHALK, RW BERLINER, GH GIEBISCH, Be-
thesda, American Physiological Society, 1987, p. 57
1252 Richet: Pre-Smithjan osmotic diuresis
42. HEIDENHAIN R: Versuche uber der Vorgang der Harnabsonderung.
Pflflger Arch IX:1—27, 1874
43. GRUTZNER P: Beitrage zur Physiologie der Harnsekretion. Archivf
ges Physiol 11:370—382, 1875
44. FALCK KFP: Em Beitrag zur Physiologie des Chiornatriums. Vir-
chow Arch LVI:315—344, 1872
45. DEMANGE E: Polyurie, in Dictionnaire Dechambre (vol 28), Paris,
1888, pp. 532—535
46. RICHET CH: Autobiographie, in Les Biographies Médicales, 6ème
année Juillet Paris, J.B. Baillière et fils, 1932
47. MOUTARD MARTIN R, RICHET CH: Des causes de Ia mort par les
injections intra-veineuses de lait. Cptes Rendus Acad Scie (Paris)
LXXXIX: 107—108, 1879
48. MOUTARD MARTIN R, RICHET CH: Contribution a l'étude des
injections intra-veineuses de lait et de sucre. Mémoires de la
Société de Biologie Paris, 1879, pp. 65—80
49. RICHET CH, MOUTARD MARTIN R: Influence du sucre injecté dans
les veines sur Ia sécrétion rénale. Cptes Rendus Acad Sci (Paris)
LXXXIX:pp 240—242, 1879
50. MOUTARD MARTIN R, RICHET C: Effets des injections intraveineu-
ses de sucre et de gomme. Cptes Rend Acad Scie (Paris) XC:98—99,
1880
51. RICHET CH, MOUTARD MARTIN R: De quelques faits relatifs a Ia
sécrétion urinaire. Cptes Ren Acad Scie (Paris) XC: 186—188, 1880
52. RICHET CH, MOUTARD MARTIN R: Contribution a l'action physi-
ologique de l'urée et des sels ammoniacaux. Cptes Rend Acad Scie
(Paris) XIIC:465—467, 1881
53. D VRIES H: Sur la Perméabilité du Protoplasma des Betteraves
Rouges. Revue Néerlandaise des Sciences Exactes et Naturelles
VI:117—126, 1871
54. HEDON B, ARROUS J: Des relations existant entre les actions
diurétiques et les proprietés osmotiques des sucres. Cptes Rend
Acad Scie (Paris) CXXIX:778—781, 1900
55. RICHET CH: Diuretiques in Dictionnaire de Physiologie, V edited
by C RICHET 1902, pp. 130—152
56. DRESER H: Uber Diurese und ihre Beeinflussung durch pharmakol-
ogische Mittel. Arch Exp Pathol Pharmacol XXIX:303—3 19, 1892
57. WOLF S: Brain, Mind and Medicine. Charles Richet and the
Origins of Physiological Psychology, Transaction Publishers, New
Brunswick, 1993
58. GILLISPIE CHC: Dictionary of Scientffic Biography. MONNIER AM:
Portier. 11:101—102, 1981 and MASSE B: Paul Portier, (1866—1962)
Sa Vie, Son Oeuvre. (These) Paris, 1969
59. DRE5ER H: Uber das 1 ,3-Dimethylxanthin und seine diuretische
Wirkung beim gesunden Menschen. Pfluiger Arch Physiologie 102:
1—35, 1904
60. RAPOPORT S, BRODSKY WA, WEST CD, MACKLER B: Urinary flow
and excretion of solutes during osmotic diuresis in hydropenic men.
Am J Physiol 156:433—442, 1949
61. RICHET G: Edema and uremia from 1827 to 1905. The first faltering
steps of renal pathophysiology. Kidney mt 43:1385—1396, 1993
62. LAMY H, MEYER A: Etude sur l'action diurétique des sucres. I.
Conditions mécaniques circulatoires de cette diurése. J Physiol
Pathol VI:1067—1080, 1904
63. BARCROFT J, STRAUB H: The secretion of urine. J Physiol XLI:
145—167, 1910
64. STARLING EH: The glomerular functions of the kidney. J Physiol
24:317—330, 1899
65. KNOWLTON FP: Influence of Colloids on Diuresis. J Physiol
43:219—231, 1911—12
66. Ref. 41, pp. 36-37
67. WALLACE GB, CUSHNY AR: On Intestinal Absorption and the
Saline Cathartics. Am J Physiol 1:411-434, 1898
68. MAGNUS R: Uber die Veranderung der Blutzusammensetzung nach
Kochsalzinfusion und ihre Beziehung zur Diurese. Arch exp Path
Pharm XLIV:68—l26 and 396—443, 1900
69. HAAKE B. SPIRO K: Uber die diuretische Wirsamkeit dem Blute
isotonischer Salzlosungen. Hofmeister's Beitrage zur chem Physiol
Pathol 11:149—154, 1902
70. CUSHNY AR: On diuresis and the permeability of the renal cells. J
Physiol 27:429—450, 1901—02
71. CUSHNY AR: On saline diuresis J Physiol 28:431—447, 1902
72. AMBARD L, PAPIN E: Etudes sur les concentrations urinaires. Arch
mt Physiol 8:437—490, 1909
73. BRADLEY S: Clearance Concept in Renal Physiology, in Renal
Physiology; People and Ideas, edited by CW GOTrSCHALK, RW
BERLINER, GH G!EBISCH, Bethesda, American Physiological Soci-
ety, 1987, pp. 81—82
74. SMITH HW: The Kidney, Structure and Function in Health and
Disease. New York, Oxford University Press, 1951
75. Guss'w CHC: Dictionary of Scientjfic Biography. GEISON GL:
Cushny AL. 15:(Suppl 1) 99—104, 1981
76. WINDHAGER BE: Micropuncture and microperfusion, IV, in Renal
Pysiology; People and Ideas, edited by CW GOTTSCHALK, R
BERLINER, AND GH GIEBISCH, Bethesda, American Physiological
Society, 1987, pp. 101—108
77. REY R: La théorie de Ia sécrétion chez Bordeu, modèle de la
physiologie et de la pathologie vitaliste. Dix-Huitième Siècle N° 23
Physiologie et Médecine, Paris, 1991, pp. 45—58
78. BOSTOCK J: Of Secretion, in An Elementary System of Physiology,
(vol. II, chapt IX), BALDWIN, London, 1824, pp. 313—433
79. MAGENDIE F: Sécrétion in Précis Elementaire de Physiologie (2nd
ed, vol II), MEQUIGNON-MARVIS Paris, 1825, p. 479 et seq.
80. BRETTEL C: Die Parotidensecretion des Schafes in Vergleich zur
Nierensecretion. Eckard's Beitrage zur Anat u Physiol 4:89—107,
1869
81. HENDERSON VE: The factors of ureter pressure. J Physiol 33:175—
183, 1905
82. ASHER L: Untersuchen Uber die physiologische Permeabilitat der
Zellen. Biochem Zeitschr 14:1—124, 1908
83. LEGEE G: Pierre Flourens, Physiologiste et Historien des Sciences.
(2 Vol. 1) Paillart ed, Abbeville, 1992, p. 159
84. Ref. 41, p. 37
85. HEIDENHAIN R: Absonderungsvorgange. Sechster Abschnitt. Die
Absonderung der Festenharnbestandteile, in Handbuch der Physi-
ologie. Funfer Teil, L HERMANN, Vogel, Leipzig, 1883, pp. 341—343
86. DRESER H: Uber Harnazidität. Hofmeister's Beitrage z. chem.
Physiolo u. Pathol 6:177—91, 1905
87. METZNER R: Die Absonderung und Herausbeforderung des
Harnes, in Handbuch der Physiologie der Menschen (Vol. 2 Part.
1), W NAGEL, Vieweg, 1906, pp. 290—291
88. Ref 41, pp. 38—39
